In this paper, a flexible fuzzy model is proposed for the hydraulic performance analysis of separate domestic sewer systems. In the proposed model, all modeling outputs such as discharge, velocity and depth are developed as fuzzy numbers by taking into account all the available information and expert knowledge about the basic design/analysis parameters. The fuzzy outputs are then combined with performance assessment curves to calculate the hydraulic performance values. The proposed model was applied to a part of the sewer system of a city in Iran, and performance graphs were plotted. Such graphs can be used by design engineers and operation managers to improve the design quality, reliability and the performance of a system with uncertain parameters. The analysis results can also be used in decision-making and identifying priorities to develop rehabilitation strategies.
INTRODUCTION AND OBJECTIVES
Sewer systems are an essential part of the urban water infrastructure and are of particular importance to the community because they play a major role in protecting public health and safety. Currently, however, many cities have old sewer systems that are deteriorating, leaving communities vulnerable to unexpected catastrophic failures that could disrupt not only the sewer service but also above-ground activities (Ana & Bauwens ) . Therefore, special care should be taken in the design, operation, maintenance and rehabilitation of sewer systems. To this end, performance analysis has been established as an essential tool.
Performance analysis becomes a key issue in the engineering approach to control the system, both as a natural process of evolution of the modeling and design methods available and as a consequence of an ever increasing and generalized awareness of the quality of the service provided (Coelho ; Cardoso et al. ) .
In this regard, performance indicators and performance assessment systems are widely used in many industry sectors to support economic and financial decision-making.
Performance analysis has been successfully applied to water supply systems (Faria & Alegre ; Alegre ;
Coelho & Alegre ), and its application to sewer systems has been gaining popularity.
The main purpose of this paper is to evaluate the hydraulic performance of separate domestic sewer systems, in terms of depth and flow velocity in the pipes, considering uncertainties involved in selecting the design and analysis parameters. The idea originated from the fact that according to the Iranian Standard for Designing Wastewater Collection Systems (ISDWCS) (Ministry of Energy of Iran ), in the process of designing separate sanitary sewer systems, the following two main points must be considered:
1. The conveyance efficiency of all the pipes must be sufficiently high to accommodate the effluent discharges at the end of the design period (i.e. the planning period for designing a sewer system). Generally speaking, the slope and diameter of the pipes must be adjusted in such a way that the pipes have the capacity to convey the maximum possible discharges. Satisfying other requirements, such as maximum and minimum allowable water depths in the pipes, maximum and minimum permissible velocities in the pipes and minimum required cover for the pipes, further complicates the design procedure. The minimum required cover is the minimum required distance from ground surface to the top of the pipe set by the design standards or local authorities. It is practically impossible to satisfy all the requirements considering the daily, seasonal and annual variation of discharges likely to occur during a design period of, say, 25 years. Therefore, as part of the design procedure, a hydraulic performance analysis is required regarding the water depth and flow velocity at the beginning of the design period when discharges are expected to be much smaller than the maximum capacity of the pipes. Some local authorities even require that such a performance analysis be presented every 5 years in order to obtain a better perspective of the performance of the system over time. Small velocities and depths in the pipes may cause sedimentation and solid deposition. Velocities greater than the maximum permissible velocity, which depends on the type of pipe material used, may cause damage to the pipe. As an overall recommendation, water depth greater than 0.8D, where D is the diameter of the pipe, is not allowed due to the conveyance efficiency of the pipe and to ensure good ventilation of the sewer system. Therefore, the performance analysis determines the selfcleaning capacity of the pipes and identifies the need for manual cleaning and maintenance of some of the sewer pipes during the design period.
2. In designing hydraulic systems, design engineers usually select design parameters by referring to the design standards or making engineering judgments using past experience and knowledge. However, uncertainty in the design parameters is inherently present in designing any hydraulic system. This is more pronounced for designing sewer networks where different factors may contribute to the occurrence of such uncertainties. Imprecise estimation of the design discharges and their daily and seasonal variation, and vagueness in selecting hydraulic parameters such as the Manning's roughness coefficient, are the two main sources of uncertainties. Design engineers consider these uncertainties in their design and usually try to deal with the problem of uncertainty by appropriately selecting average values for those parameters. The main problem with this approach, especially in communities where there is no well-established data, is that the recommended ranges for design and performance analysis parameters are very wide and this makes the hydraulic performance analysis very unreliable.
Considering the above two items, the main objective of this study was to provide a model for hydraulic performance analysis, which considers the uncertainties involved in selecting the design and performance analysis parameters.
Among the different sources of uncertainty, such as model uncertainty, parameter uncertainty, etc., the parameter uncertainty is considered as the major source of uncertainty in engineering work and the uncertainty analysis and modeling is aimed at understanding how the uncertainty in model parameters is propagated to the unknowns or outputs of the problem. Various mathematical theories have been proposed to model uncertainty. Probability theory, interval arithmetic, random sets and fuzzy sets are among them (Oberguggenberg ) .
In engineering, probabilistic models as a traditional way of handling uncertainty have been criticized as requiring more input from the design engineer or the decision maker than could be plausibly provided or that would be reasonably required for a rough estimate. This is particularly true for domestic sewer systems where there is a general agreement among engineers on lack of information and data about the model parameters, especially in societies where there is no well-developed monitoring system for data collection and analysis. Therefore, there is always ambiguity in selecting the design and analysis parameters, which results in imprecision in the selected parameters. A tool well suited to process such data is given by the fuzzy set theory and fuzzy numbers. This method was formulated with the specific purpose of mathematically describing imprecise information and interpreting concepts defined by linguistic expressions into a mathematical model. The next section of this paper gives a background of the subject. In the background section, a link is also made between the overall structure of the methodology used in this paper and the relevant background knowledge. Then, the methodology is introduced followed by an application of this methodology to a case study. The case study presents the hydraulic performance analysis of part of a domestic network designed for the city of Amole in the northern part of Iran. Finally, the results obtained from this study are discussed.
BACKGROUND
Many studies have been conducted on the performance analysis of sewer networks. The works of Cardoso and colleagues (Cardoso et al. , , , , ) are among the best references that can be used in defining performance indicators and applying performance assessment systems in this field. Cardoso et al. () presented a comprehensive review of the structure of a performance assessment system applicable to combined or separate domestic sewer networks. The structure of such a system is shown in Figure 1 .
As an example, the water depth in a sewer pipe is used as a state variable of interest for the hydraulic performance analysis of a sewer system. The values of this state variable, for any given state or scenario of interest, can be either generated using hydraulic simulation models or obtained from reliable records. In step 4 a performance curve, which plots the performance value credited to the state variable or network property at the network element level, over a given range of selected variables is introduced. The performance value varies between a no-service and an optimumservice situation, and the curves are supposed to penalize any deviation from the latter (Cardoso et al. ) . Finally, a mathematical operator must be used that will allow the performance values at element level to be aggregated across the system or parts of it. This might simply be an average, a weighted average, a maximum or a minimum value.
The type of operator depends on the objective of the analysis. The results of the performance analysis will consist of a set of performance values representing the network and a global aggregated value. These may be plotted against time, as a result of a time-driven simulation such as that generated by a rain or domestic flow event, in order to produce an event graph. This represents the global system performance over time. Another possible type of graph, referred to as a system graph, plots the performance for different but related scenarios corresponding to a range of load factors applied, for example, to the average dry weather flow. () presented the development and evaluation of a knowledge base for an expert system that predicts the criticality of sewer pipelines. The expert system considers information regarding the environment and the state of a sewer line through an extensive set of relationships that describe failure impact mechanisms. The paper discusses the constraints faced by sewer utility operators and managers and the tools developed specifically to assist small to medium sized utilities to operate and maintain their systems by focusing their inspection efforts on their most critical pipelines. The knowledge base was evaluated with a series of case studies and was shown to be effective at mimicking the knowledge of experts.
The methodology adopted in this study basically uses the same performance analysis system proposed by Cardoso et al. 
METHODOLOGY
Design parameters, discharges and uncertainties Figure 2 shows the general layout of a sanitary sewer network that has seven pipes and eight manholes. According to ISDWCS, the following four main discharges must be calculated for each pipe of any sanitary sewer network such as pipe number 6, shown in Figure 2 . The discharges, which can be calculated for any particular year during the design period, are:
where Q ave , Q max , Q min , and Q sc refer to the average, maximum, minimum and self-cleaning discharge of the pipe, respectively. P is the population that is serviced by the pipe, and W is the per capita daily wastewater produced.
The coefficients k max and k min are the parameters that account for the hourly variation in the discharge during the day. Infiltration refers to the quantity of groundwater or soil water surrounding the pipe that enters into the sewer network through pipe structural defects such as pipe cracks, joints and manholes. Sanitary systems, although not designed to carry storm water, carry storm water inflow through system defects, such as manhole covers, illegal drain connections, and unintended cross connections with storm sewers (Hahn et al. ) . Inflow refers to all waters draining to the sewer network from such sources.
In the above equations, any possible discharge coming from large local industries has been ignored; they can be appropriately added if required. The concept and methodology for the selection or calculation of the above parameters are as follows.
P, which is the population serviced by the pipe or living upstream of the pipe, for any specific year after the sewer network operation, can be estimated based on the population study of the area. However, population numbers resulting from such studies must be multiplied by another factor called the 'connection rate'. The connection rate, which is a number less than or equal to 1, arises from the fact that it is not always true that all domestic sewer systems are connected to the city sewer network. The connection rate depends on many factors such as people's culture, their income and interest in connecting to a new sewer system, difficulties existing with their current system of wastewater disposal and legal regulations. Although there are recommendations for estimating the connection rate, it is considered to be a very uncertain design and analysis parameter, especially in communities with no well-established data. In this paper, P is the population serviced by the pipe considering the connection rate. Therefore, a reasonable uncertainty is included in P, considering the design recommendations and expert knowledge.
The coefficients k max and k min , which account for the hourly variation in discharge during a day, are considered to be a function of the population. The following equations are recommended to estimate k max and k min values for a population of less than one million. W can be estimated by multiplying the per capita daily water consumption by a conversion factor. According to ISDWCS, the conversion factor depends on many complex parameters such as the people culture and climatic conditions in the area. This parameter is difficult to estimate and a value of 0.6-0.8 is recommended for it. Fortunately, in most societies, reliable data are usually available to estimate the per capita daily water consumption. Therefore, in this paper an overall reasonable uncertainty is considered for W, considering the above mentioned factors.
Infiltration is also a very complex uncertain parameter that mainly depends on the local groundwater level and pipe condition. The simplest method recommended by ISDWCS, is that for estimating Q max , a 10-20% of the average daily wastewater production, Q ave , should be considered as infiltration in arid regions where the groundwater Q sc is an indication of the self-cleaning discharge of the pipe. It is a momentarily high discharge that does not include possible Inflow. The concept is that such a discharge can wash all the sediments and solids deposited in the sewer pipe during the day. It is recommended that the need for any manual cleaning of the pipe at any particular year be predicted on the basis of the normal velocity and depth of flow under the discharge Q sc . These variables can be referred to as self-cleaning velocity and depth. Therefore, Q sc is a very important flow rate element in hydraulic performance analysis of sewer systems.
Hydraulic model
Each pipe in any sanitary sewer network, such as pipe 6 in 
where V is the mean velocity of flow (m/s), R is the hydraulic radius (m), S 0 is the longitudinal slope of the pipe, and n is the Manning roughness coefficient. In terms of a general discharge:
where A is the cross-sectional area and Q can be any flow rate such as those expressed by Equations (1)-(4). With reference to Figure 2 , the hydraulic radius R, which is the ratio of the cross-sectional area to the wetted perimeter of the section, can be expressed as follows:
where θ, in radians, is the central angle shown in the figure.
Another important geometric relationship is the relationship between θ and the depth of flow (y):
In this study, the Manning roughness coefficient is the only parameter which was considered to be subject to uncertainty in the hydraulic model. The pipe diameters and longitudinal slope were assumed to be crisp values with relatively negligible uncertainty. weight, where Qf and L are the full discharge capacity and length of the pipe, respectively, and k is a risk coefficient.
Hydraulic performance assessment system and curves
If all sections are equally vulnerable, they are all assigned a value of k ¼ 1.
where N is the number of pipes in the network, PV i is the performance value of each pipe, and PV t is the total or overall performance of the network.
Fuzzy logic and fuzzy input parameters
The parameters involved in the design and hydraulic performance analysis of separate domestic sewer systems, within the context of this paper, were introduced in the design parameters, discharges and uncertainties section.
The methods for estimating these parameters and the ranges for selecting them recommended by the design standards were also briefly introduced. As discussed, from the design and analysis point of view, it is hard or even impossible to accurately quantify these parameters. Therefore, uncertainty is an inherent ingredient of the involved parameters. In this study, fuzzy approach was adopted to quantify the uncertainties.
The fundamental definitions related to fuzzy set theory and fuzzy numbers can be found in many excellent references (Kaufmann & Gupta ; Zimmermann ; Hanss ). Let X be a set (universe) . A is called a fuzzy set that belongs to X if A is a set of ordered pairs,
the more x belongs to A; the closer it is to zero, the less it belongs to A. The α-level cut (set) of a fuzzy set A is the set of those elements which have the least α membership.
In engineering practice, fuzzy sets are often understood as fuzzy numbers. A fuzzy set A is called a fuzzy number if A is a normal, convex fuzzy subset of the set of real numbers (Reveli & Ridolfi ) . Figure 4 shows a triangular fuzzy number, typically used in the uncertainty analysis of engineering problems. A triangular fuzzy number can be expressed in the form of a triplet as A ¼ [a, b, c] , where a and c are the lower and upper bounds of the triangle at α ¼ 0, respectively, and b is the value that corresponds to α ¼ 1. The (c À a) value is called the support of A at α ¼ 0.
The wider the support of the membership function, the higher the uncertainty.
In this paper, the alpha-cut technique is used to con- 2. The alpha-cut technique was used to find the membership functions for the different flow rates, Q ave , Q max , Q min , and Q sc , defined by Equations (1)-(4), at any particular year during the design period. In doing so, the dependency of k max and k min on P was considered.
Although Q ave is a triangular fuzzy number, the other calculated membership functions are not necessarily linear, considering the nonlinear structure of Equations (5) and (6).
3. In order to find the fuzzy membership functions for velocity and relative depth, the discharge fuzzy numbers were then used as input to the hydraulic models, Equations (7) and (8). This issue and the methodology for finding the performance values for each pipe are discussed in the following section.
Fuzzy formulation of hydraulic model and method for determination of performance values
The Manning equation (Equation (8)) is the hydraulic model used in this study. Equation (12) is the fuzzy expression of Manning equation for a circular section where it is assumed that the pipe diameters and longitudinal slope are specified crisp values and the Manning roughness coefficient and the discharge are fuzzy numbers.
whereQ andñ are the fuzzy discharge and fuzzy Manning roughness coefficient, respectively andθ is the output. The 
Subject to the constraints:
A mathematical analysis of Equation (14) shows that maximum θ corresponds to maximum Q and n values. Similarly, minimum θ relates to minimum Q and n values. These concepts are also in agreement with the physics of normal flow. Design charts available in hydraulic textbooks and a direct search method near the optimum points were used to find the maximum and minimum values of θ.
Knowing the interval [θ min , θ max ] α¼α Ã , the corresponding lower and upper bound values for flow velocity and depth can be calculated using the following equations:
Such information can be used to find the fuzzy membership functions of the flow velocity and depth for any particular discharge defined by Equations (2)-(4). This information can be used for two purposes: the uncertainty analysis and the hydraulic performance analysis. Hydraulic performance analysis was the main objective of this study.
The developed fuzzy membership functions for flow velocity and depth can be used to conduct the hydraulic performance analysis when they are combined with performance functions such as those proposed in Figure 3 .
One way of doing this is to defuzzify the fuzzy numbers first, and then use the calculated crisp numbers to find the performance values. The method used in this study is different and is explained here for finding the velocity performance value of a pipe under a particular discharge.
The method is applicable to flow depth in a similar way.
First, for any velocity fuzzy number, the upper and lower bounds of the velocity at different α-level cuts of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 were found. Then, the corresponding performance values for these 19 velocity values were extracted from the velocity performance curve shown in Figure 3 . Finally, the following averaging equation was used to find the average velocity performance value of the pipe.
The difference between the two methods depends on the shape of the performance curves and fuzzy numbers. However, the second method involves a wider spectrum of the parameters' space and their interaction with the performance curves in the analysis.
APPLICATION, RESULTS AND DISCUSSION
A hydraulic performance analysis using the suggested procedure was applied to a separate domestic sewer system. Table 2 shows the characteristics of the triangular fuzzy numbers selected for different design and analysis parameters, at the beginning and end of the design period. The criteria for selecting the fuzzy numbers were discussed in the design parameters, discharges and uncertainties section.
An organized presentation of the potential model outputs and their application in a hydraulic performance analysis of sewer systems is now demonstrated.
1. Figure 6 shows how the uncertainty in basic parameters propagates to Q max (in 2035), Q min and Q sc (in 2010) with the corresponding velocity and relative depth values for pipe 3, as an example. As the figure shows, an approximate triangular fuzzy number is obtained for these variables despite the nonlinearity in the equations. Figure 5 and Table 1 show, pipes 24-29 are located in a particular zone of the sewer system which has a low slope and a small coverage area. Figures 10 and 12 show that pipe 30 performs poorly in terms of relative depth up to the end of the design period. It is interesting that although pipe 30 performs well in terms of self-cleaning velocity, it performs poorly in terms of relative depth. for the input parameters, which consequently results in a smaller interval and a more reliable interpretation of performance values. As an example, in this case the performance value in terms of velocity for pipe 13 is between 0.388 and 0.744 with the most possible value of 0.557, while in Figure 13 this performance value has a wider range between 0.229 and 0.956. Figure 17 presents the total or overall performance value of the network based on Equation (11) in terms 
5.

CONCLUSIONS
In this research, a fuzzy model was developed for the hydraulic performance analysis of separate domestic sewer systems under uncertain parameters. The model was then applied to a case study to demonstrate its applicability.
The results were shown in the form of element and overall system performance graphs for different hydraulic variables of interest, such as velocity and relative depth. The variation of performance values over time was highlighted. The following conclusions were drawn using the proposed model:
1. It is flexible and can include information available from different sources for quantifying the uncertainty in the basic analysis parameters.
2. It is conceptually understandable and computationally simple.
3. It can be used to calculate the performance value of each pipe in terms of any hydraulic variable of interest and for any possibility degree of significant parameters. For each pipe, an average performance value can also be calculated, which includes a wide spectrum of significant parameters in the performance analysis of the pipe.
Although this kind of calculation can be computationally time-consuming, it can represent a more accurate 
